severe while these WPAN technologies also coexist with other 2.4GHz based wireless/radio technologies (e.g. IEEE 802.11b/g [5] , cordless phone, and microwave oven). It soon becomes important to understand the characteristics of each channel allocation scheme and how each channel allocation scheme interacts with the others. Table I summarizes some of the relevant properties of the wireless standards mentioned above. Some related researches study the coexistence problem between the IEEE 802.15.4 and the 802.11b [5] , [6] .In [5] , the packet error rate (PER) of the IEEE 802.15.4 under the IEEE 802.11b and IEEE 802.15.1 is obtained by experiments only. In [6] , the impact of an IEEE 802.15.4 network on the IEEE 802.11b devices is analyzed. Channel Conflict Probabilities between IEEE 802.15 based Wireless Personal Area Networks is modeled in [7] . Packet Error Rate of IEEE 802.15.4 under IEEE 802.11b interference is analyzed in [8] .In [9] Packet Error Rate of IEEE 802.11b under IEEE 802.15.4 interference is analyzed. The channel conflict probabilities between IEEE 802.11b and IEEE 802.15.4 have been modeled in [12] .
In [12] , PER analysis of IEEE 802.15.4 for circular and grid topology is given. In this paper, the mobility model is introduced and the results are analyzed for various speeds. We present analytical model to calculate the channel collision probability between IEEE 802.11b and IEEE 802.15.4 networks. The coexistence issue between IEEE 802.15.4 and IEEE 802.11b using PER analysis for various parameters is studied with help of Qualnet 4.5 simulation.
The rest of the paper is organized as follows. In section II, we present analysis on the probability of channel collision between IEEE 802.11b and IEEE 802.15.4 networks. In To proceed to the analysis of our study, we briefly recap the channel allocation mechanism of the IEEE 802.11b and IEEE 802.15.4 standards. Basically, IEEE 802.11b employs Direct Sequence Spread Spectrum (DSSS) technique, and it defines 14 channels with 22 MHz bandwidth for each one. In U.S. and most of the countries in the world, the first 11 channels are used; whereas, the first 13 channels are used in Europe and Singapore, and all of the 14 channels are used in Japan. The central frequencies of IEEE 802.11b channels are separated by 5 MHz as shown in Eq. 1. f IEEE802.11b = 2412 + 5k; k = 0::: 13
(1) However, since adjacent IEEE 802.11b channels are partially overlapped, the so-called adjacent channel interference will happen if two IEEE 802.11b nodes in close operate using adjacent channels. In this case, the overall network performance will become degraded. Therefore, in practice, only the maximum non-overlapping channels (i.e., channel 1, 6, and 11) are employed in most of nowadays IEEE 802.11b networks. Therefore, the analysis presented in this paper would be based on the assumption that only the maximum non overlapping channels are used in IEEE 802.11b networks (as shown in Fig.1 ).
On the other hand IEEE 802.15.4 also employs DSSS on PHY layer, and it is operated in three frequency bands. Among a total of 27 channels (with 2MHz width for each channel) across these three bands, sixteen channels are available in the 2.4GHz band with 250 kbps maximum data throughput, 10 in the 915MHz band with 40 kbps maximum data throughput, and 1 in the 868 MHZ band with 20 kbps maximum data throughput. The center frequency of these channels is defined as follows: In this section, we present analysis on the non-conflicting channel allocation probability, i.e., P good , when an IEEE 802.15.4 network coexists with n IEEE 802.11b networks. For simplicity, we assume the employed channels of the n IEEE 802.11b networks are not conflicted (i.e., non-overlapping channels and n≤ 3). Note that we do not consider scenarios consisting of multiple IEEE 802.15.4 networks. When one IEEE 802.15.4 network coexists with n IEEE 801b networks, there are two possible cases: a) the IEEE 802.15.4 network operates on one of the four non-overlapped channels (i.e. the IEEE 802.15.4 channels are not overlapped with IEEE 802.11b channels, as shown in Figure 1) ; b) the IEEE 802.15.4 network operates on one of the overlapped channels.
In the first case, the probability of non-conflicting channel allocation is always 1 regardless of the number of coexisting IEEE 802.11b networks. Whereas in the second case, the probability of non-conflicting channel allocation is The PHY of the IEEE 802.15.4 at 2.4 GHz uses offset quadrature phase shift keying (OQPSK) modulation. Denote that the E b =N 0 is the ratio of the average energy per information bit to the noise power spectral density at the receiver input, in the case of an additive white Gaussian noise (AWGN) channel. Then the bit error rate (BER), P B , can be expressed as 
B. Collision Time Evaluation of IEEE 802.15.4 under IEEE 802.11b
In this paper, blind transmissions are assumed for both IEEE 802.15.4 and IEEE 802.11b. In other words, they transmit the packets without consideration of the channel state whether busy or not to make the worst case interference environments. If both standards use the carrier detection method to determine the channel state, the blind transmission will occur. Then, the interference model can be illustrated as shown in Fig.4 . In Fig.4 , T X , L X , and U X denote the inter-arrival time, packet duration, and average random backoff time, respectively, where the subscript X is either Z for the IEEE 802.15.4 and W for the IEEE 802.11b. The other parameters are listed in Table II . The T C is the collision time. If the blind transmissions are assumed, the transmissions of the IEEE 802.15.4 and IEEE 802.11b are independent. Since the both protocols transmit packets without consideration of the channel state, the contention window not changed by the busy channel. The transmission of the IEEE 802.11b packet is assumed to be error-free, so there is no increase of the contention window of the IEEE 802.11b. Therefore, in both protocols, the back off time is randomly chosen within the minimum contention window, i.e., CW min .
Then, the inter-arrival times, T W , T Z can be easily obtained as: Assume that the time offset x is assumed uniformly distributed in (0; T Z ), then, the collision time, T C can be obtained as: 
In this section the PER of IEEE 802.15.4 under the interference of IEEE 802.11b is analyzed using Qualnet 4.5 simulation. For simulation, the slotted CSMA/CA of the IEEE 802.15.4 model is developed using Qualnet 4.5. The complementary code keying (CCK) modulation with 11 Mbps is used for the IEEE 802.11b. The payload size of the IEEE 802.15.4 is 105 bytes, and that of the IEEE 802.11b is 1500 bytes. The simulation scenario is shown in Fig. 6 . From this simulation it is observed that when WLAN1 transmit data packets result in more PER than WLAN2 transmit data packets. When the transmission direction of IEEE 802.11b and IEEE 802.15.4 is opposite to each other then negligible packet error rates is obtained. When the number of IEEE 802, 11b nodes are increased the packet error rate of IEEE 802.15.4 node is increased accordingly. The PER of IEEE 802.15.4 is calculated by varying the distance between WLAN1 and WLAN2. Fig.9 shows that the PER is negligible for the distances, d >3m.The same PER analysis can be extended for grid topology and circular topology with 20 nodes Fig.10 shows the simulation of grid topology. PER of IEEE 802.15.4 is calculated for every increase of 5 nodes. In this simulation 50% of the nodes are assumed for transmission. The Fig.11 . Shows the PER of IEEE 802.15.4 for every increment of 5 nodes. It is found that PER increases when the number of nodes increases. The PER is calculated with the assumption that 50% of the WLAN nodes are transmission nodes. With Mobility
